A computational efficient approach to identify very small mine-shaped plactic objects, e.g. M56 AntiPersonnel (AP) mines buried in the ground, is presented. The size of the objects equals the smallest AP-mines in use today, i.e., the most difficult mines to detect with respect to humanitarian mine clearance. Our approach consists of three stages, the phase stepped-fiequency radar method, generation of a quartemary image and template crosscorrelation. The phase stepped-frequency radar method belongs to the class of stepped-frequency radar methods, see e.g [l]. In a two-dimensional meshgrid above the ground a radar probe is moved automatically to measure in each grid point a set of reflection coefficients from which phase and amplitude information are extracted. Based on a simple processing of the phase information, quartemary image and template cross-correlation a successfull detection of metal-and non-metal mine-shaped objects is possible. Measurements have been performed on loamy soil containing different mine-shaped objects.
1: Introduction
The detection of buried and non-buried objects have been examined using different types of radar. The most widely used is the video or pulse radar 131, the frequency modulated continuous wave (FM-CW) radar [4] , interferometric radar [5] . and stepped frequency radar [l] , [2] . Our experiments are based on the stepped frequency radar approach. Our experimental setup is illustrated in Fig. 1 . The backbone in the measurement system is the linear bearings where the probe is mounted. The probe is an open waveguide operating at S-band. The probe is used both as transmitter and receiver, i.e., monostatic operation, to avoid using two probes. The probe can be moved in the x and y directions in increments down to 1 mm. The movements of the probe are regulated by the stepmotors via an RS-232 interface to the PC. The probe is connected via a 5 m long Sucoflex cable to an HP8753C network analyzer that is set up to measure the amplitude and phase of the reflection coefficient. The calibrated network analyzer is connected to the PC via an HPIB interface for automated data collection. The collected data at each physical measurement point from a two-dimensional mesh-grid consist typically of reflection coefficient measurement at N frequencies evenly spaced over a selected frequency range. Our approach for the identification of the mine-shaped objects is presented in the following section.
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2: The Approach
The objective is humanitarian mine clearance by using identification of metallic-and non-metallic mines in the ground.
Six mine-shaped metal-and non-metallic objects have been buried in loamy soil. The center-coordinates of the mine-shaped objects in the soil are shown in Table 1 . The x-and y-coordinates indicate the object center position inside a rectangular surface area with the x-y dimension 1410 mm x 210 mm. The z-position indicates the distance to the object in the soil. All the objects have the same irregular shape with a diameter of 54 mm and height of 40 mm.
The stepped-frequency principle is realized by measuring the reflection coefficients T(f, x, y ) at different frequencies f for each position of the probe. For a fixed yposition of the probe, it is stepped M times in the xdirection using a step size of e.g. Ax = 10 mm.
Our approach for identification of mine-shaped objects buried in the ground is presented in the following subsections and it consists of three stages, the phase stepped-frequency radar method, generation of a quartemary image and template crosscorrelation.
The first step in our approach is the phase steppedfrequency radar method and this is based on the use of the following phase-based expression:
where fL is the low and fH is the high frequency. We have observed that this kind of averaging improves the appearance of the mine objects in a radar image compared to a raw phase (radar) image. In practice we are using a discrete version of rL (x,y) described by:
wherej&, is the start frequency and Af is the frequency step size. N I and N2 are frequency indices (integers). The number of frequency indices is denoted N = N2 -NI + 1.
The second step in the approach is a kind of image enhancement realized by the generation of a quartemary image by quantizing the dynamic range in the image rL(x,y) into four levels defined by:
The defined data ranges are more or less natural ranges. The levels have been selected empirically.
The third step in our approach is the so-called template crosscorrelation. More complicated template matching methods based on e.g. dynamic time warping principles or Markov models could be applied but they are not necessarily desirable due to the computational load. The template crosscorrelation is calculated as: The main idea behind the definitions of all the expressions in this section is the desire of simple and efficient calculations due to the large amount of data in large radar images. Fast mine detection is very important in humanitarian mine clearance tasks.
3: Results
Initially we have buried six mine-shaped metal-and non-metal objects in a box containing soil. The objects have the same shape as an M56 plastic AP-mine and the diameter and height is 54 and 40 mm, respectively. The plastic/wax object is an M-56 AP-mine (dummy).
For a fixed y-position the probe is stepped M times in the x-direction using Ax = 10 mm (alternatively 20 or 30 mm) to generate, e.g., an amplitude-or a phasespectrogram extracted from the reflection coefficients. A spectrogram represents the frequency content along one physical scan line, i.e., the y-position of the probe is fixed. Fig. 2 and 3 show an amplitude-and phasespectrogram, fixed at y = 100 mm and Ax = 10 mm.
Our phase stepped-frequency radar method was inspired by the facts that there are similarities between the amplitude-and phase-spectrograms with respect to the response on mine-shaped objects. We selected the phase-spectrograms as a starting point. More elaborated processing, which was beyond the scope of this work, will probably use both amplitude and phase information.
The phase stepped-frequency radar method is based on collapsing each phase-spectral line vector in a phasespectrogram matrix. In this way the matrix is collapsed into a vector. In our initial experiments we have defined collaps operation as a simple summation to reduce the computational load and to make noise reduction in the spectrogram possible due to the averaging. Fig. 4 presents the initial results based on our method. All the subfigures in Fig.4 and the following figures are based on measurements using a probe scanning a rectangular surface area with the x-y dimensions 1,410 mm x 210 mm. In Fig. 4 (a), (b) , (c) the resolutions are Ax = Ay = 30 mm, Ax = Ay = 20 mm, and Ax = Ay = 10 mm, respectively. Fig. 4 (a) , (b) and (c) are thus generated from 7, 10, and 21 collapsed phasespectrograms, respectively. The bandwidth of each spectrogram was set to the frequency range 3,600-3,900 MHz with a frequency step of 3 MHz, i.e., the number of frequency samples N is 100. Only the fundamental mode is present in the waveguide. All metal-and non-metal objects described in Table I can be visually identified in Fig. 4 (b) and (c) using our method except the wooden object, i.e., a harmless and irrelevant object. These results indicate that the probe has to be moved in steps 5 20 mm.
Our phase stepped-frequency radar method has furthermore been tested with respect to the bandwidth. Fig. 7 illustrates the advantage of using quartemary image generation compared to not using this as seen in Fig. 6 . In Fig. 6 (c) we see the result of using the phase stepped-frequency radar method, followed by template crosscorrelation applying a binary mine template 5 x 5 matrix. In Fig. 7 (c) we see the result of using the three stage processing consisting of the phase steppedfrequency radar method, quartemary image generation and template crosscorrelation applying a binary mine template (5 x 5) matrix. The result in Fig. 7 (c) gives a better identification of the five mine objects compared to Fig. 6 (c) . This result emphasizes the advantage of having a three stage processing.
4: Conclusion
A fast three stage processing consisting of the phase stepped-frequency radar method, quartemary image generation and template crosscorrelation applying a binary mine template matrix on radar images has shown that successful identification of the smallest of metal-and non-metal mine-shaped objects is possible including the most difficult mines to detect: Non-metallic AP mines.
Future work will include probe and near field corrections, extensions of signal processing, and image processing. Our system is to be used as a part of a high-efficient multisensor mine-detection system. Amplitude-spectrogram generated itom scanning the box containing six metal-and nonmetal mine-shaped objects, see Table Fig. 4 Radar images, with different resolutions, generated using the phase stepped-ftequency radar method. In Fig. 4 (a) the resolutions are Ax =Ay= 30 mm, in (b)Ax=Ay= 20 ",and in (c) Ax = Ay = 10 mm. Fig.  4 (a), (b) and (c) are thus generated fiom 7, 10, and 21 collapsed phase spectrograms, respectively. Spectrogram bandwidth is 3,600-3,900 M H z (fieq. step size 3 MHz), i.e. N = 100. All images are based on a color scale. Radar images, generated using: (a) the phase stepped-fiequency radar method, (b) the phase stepped-fiequency radar method, followed by template crosscorrelation applying a binary mine template 3 x 3 matrix, (c) the phase. stepped-fiequency radar method followed by template crosscorrelation applying a binary mine template 5 x 5 matrix. All images are based on a linear gray scale. Fig. 3 Phasespectrogram generated from scanning the box containing six metal-and non-metal mineshaped objects, see Table Radar images, generated using: (a) the phase stepped-ftequency radar method followed by quartemary image generation, (b) the phase stepped-frequency radar method, followed by quartemary image generation and template crosscorrelation using a binary mine template 3 x 3 matrix, (c) the phase stepped-fiquency radar method, followed by quartemary image generation and template crosscorrelation applying a binary mine template 5 x 5 matrix. All images are based on a linear gray scale.
